
NAVAL SHIP RESEARCH AND DEVELOPMENT CENTER
0 Bethesda, Maryland 20084
CL

THE INFLUENCE OF SHIP MOTIONS ON OPERATIONS OF

SH-2F HELICOPTERS FROM DE-1052-CLASS SHIPS:

SEA TRIAL WITH USS BOWEN (DE-1079)
0w

0
0 .. " by

U -

*~ A.E. Baitis

o OFAVAAI.E TO DCDOES NOT
PER K• IT FullY LoIBLE PRFUCT!OM

U. APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED

0

0.
I1... • .

0 u<

O

SHIP PERFORMANCE DEPARTMENT
z ~~RESEARCH AND DEVELOPMEN~T REPORT ,

uJ

U
z

z

July 1975 SPD 556-01



The Novel Ship Research and Development Center in a U. S. Navy center for laboratory
effort directed at achieving improved tee and air vehicles. It was formed in March 1967 by
merging the David Taylor Model Basin at Carderock, Maryland with the Marine Rnineering
Laboratory at Annapolis. Maryland.

Naval Ship Research and Development Center

Bethesda, Md. 20)0I84

MAJOR NSRDC ORGANIZATIONAL COMPOMENTS

NSRDC

COMMANDER
00

*REPORT ORIGINATOR TECHNICAL DIRECTOR
01

E OFFICER.IN.CHARGE OFFICER.IN.CHARGE

CARDEROCK ANNAPOLIS05 04

SYSTEMS •

DEVELOPMENT
DEPARTMENT 1

AVIATION ANDSHIP PERFORMANCE SURFACE EFFECTS
DEPARTMENT 15 DEPARTMENT

i6

STRUCTURES COMPUTATION

DEPARTMENT AND MATHEMATICS
17 DEPARTMENT 18

PROPULSION AND
SHIP ACOUSTICS POUSO N
SHPACOUNTIS AUXILIARY SYSTEMS

DEPARTMENT 19 DEPARTMENT j
27

MATERIALS CENTRAL

DFPARTMENT INSTRUMENTATION
75 DEPARTMENT



UNCLASSIFIED
SECURITY CLASSIFICATION Of THIS PAGIE (fitm. bate Natere.)__________________

REPORT DOCUMENTATION PAGE BFREA COMPLTING FORM

a. OVT ACCESSION NO. 3.p"I" S CATALOG N M82M

,THE J1NFLUENCE OF PkIP $OTIONS ONJ ~VRTONS/ .FINAL Ai--,

SACNRAC OR URNIT NUMNER~s

Naval Ship Research and Development Center Work Uni 568009
Bethesda, Maryland 20084

11. CONTROLLING OFFICE NAME AND ADDRESS

LT. COL. L. REYNOLDS Washington, D, C. 20361 69 CAS o d .~
1,MONITORING01 AGENCY NAME AODRES1133(fI diulotettlro ConIM1hs Out.) 111. SECURITY CAS o h*rw(

At - S. OZCjLA5'SIrF1C ATI ONI DOWN ORAOING

APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED

ISL IUPP9LEMENYAIIY NOTES

I11. KEY WOROS Mo.4~ r~e.~ It OZOW a" 1411611111 IV Maob "2

DE- I 52/SH-21F LAMPS Ieliciopter Operationis
1h0licopter Laitdinigs/Takeoffis at Sea
Limiting Wind Turbulencex for Helicop~te OPeratiolks

4 ~~~~Limiting Ship Mlotions for Hlelicopter OperatiOns- ..--

SluShp Motion Measures
10.~ ~ ~ ~~~~~~~~~~1 RAM(ae~.~,~e.*.U ~uo?~ E. ika y f&5u

A 4-day umtrial was conducted with tile USS HOWL*N (0li%1079) iII Utlutellipt to
extenid tile existinig ope-rating envelope, Of SI-I.2F helicopters troill IE-1052-Class ships.
PArticipants included teanis froin tile Naval Air Test Centor, tile Naval Air inetiuwering
Center, and the Naval Ship Research and Development Cet .er (NSRDCI., Tile present
report coticernts NSRDC nieasurcinents of ShIP mlotions, Stx. conditions, and wind.

"I.niltl _ _ _ _ _ _ _ _ _m

DO 103 '00I.IAM orI NOV SO is amta)
JAN 0 LTO P O SI NLY UNCLASSIFIED

V+- SCAJ~fV CLAWPIcATIO O0F TUIs ;;me (64 t~ ill



UNCLASSI FlED
t wI•...U'?y CLASSIFICATION OF THIS PAoI(Wlrhn Dae Ba#)

(Block 20 continued)

conditions and their relationship to the degree of difficulty experienced in aircraft :
operations. AiF turbulence or gustiness was found to be somewhat more important
for the relatively small SH-2F helicopter than ship motions although the maximum
double amplitude roll of 19 degrees and maximum double amplitude pitch of 5.6

degrees did produce difficulties. However, these motions did not provide the limiting

conditions under which safe SH-2F operations can be performed. The highest sea en- 1
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ABSTRACT

A 4tday sea trial was conducted with the USS BOWEN (DE-1079) in an

attempt to extend the existing operating envelope of SH-2F helicopters from
DE-1052-Class ships. Participants included teams from the Naval Air Test

Center, the Naval Air Engineering Center, and the Naval Ship Research and

Development Center (NSRDC). The present report concerns NSRDC measure-
ments of ship motions, sea conditions, and wind conditions and their relation-

ship to the degree of difficulty experienced in aircraft operations. Air turbu-

lence or gustiness was found to be somewhat more important for the relatively

small SH-2F helicopter than ship motions although the maximum double
amplitude toll of 19 degrees and maximum double amplitude pitch of 5.6

degrees did produce difficulties. However, these motions did not provide the

limiting conditions under which safe SH-2F operations can be performed.

The highest sea encountered during the trial was a low State S. Additional

trials in higher seas are required to establish the highest acceptable motion

limits. The present results contain several important operational implications.

ADMINISTRATIVE INFORMATION 6

NSRDC participation in the BOWEN trial was at the request of PM-I 5 under Naval Air

Systems Command Work Request 4-4084, Funding was provided under Work Unit 1-1 568-009,
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INTRODUCTION

BACKGROUND

Until quite recently, Navy helicopters were operated from relatively small, nonaviation

ships such as destroyers on a "try it and see if it works" basis, without general advisory or
mandatory guidelines. By 197 1, however, the importance of having flight envelope limits for
each combination of helicopter type and ship class was recognized and mandatory flight
envelope limits were established for such combined operations.

The Dynamic Interface Program is intended to extend these envelopes to ship/aircraft-
event motions that constitute more realistic limits for operational safety. The present report
concerns the ship motions aspect of one specific experiment of that program, namely, a 4-day
seu trial involving the LAMPS (SH-2F) helicopter and a DE-1052-Class ship, the USS BOWEN
(DE-1079),

The trial was conducted several hundred miles off the coast of Charleston. South Carolina.
in January 1974. The principal objective was to extend the existing flight limitation
envelope for LAMPS/ 1052 operations and to assess a series of new landing and takeoff
techniques. This was the responsibility of a team from the Naval Air Test Center (NATC)
consisting of pilots, flight crew (maintenance, etc.), and test engineers.

There were two related secondary objectives:
I. Evaluation of single point tiedown system performance and loads, etc. This was the
responsibility of the NATC team and a test engineer from the Naval Air Engineering Center
(NAEC).
I2 Measurement of ship motions and sea conditions during the trial. This was the responsibility
of a two-man team from the Naval Ship Research and 4Development Center (NSRDC).

The active cooperation of the captain and crew of BOWEN was, of course, highly
essential to the success of all aspects of the trial.

NSRDC TRIAL OBJECTIVES m

4More specifically NSRDC was responsible for relating Its measurements of ship motions

and sea conditions to the degree of difficulty experienced in performing helicopter operations.

SOne member of the NSRI. team. was located in the flight tower and the other was
below the flight deck at the NSRDC instrumentation center.

The procedures utilized for collecting ship motions data and their relation to aircraft

operations had been developed earlier by NSRDC:

2



4'! 1. In extensive sea trials with the Interim Sea Control Ship USS GUAM (LPH-9) during

which landing/takeoff operations had been investigated both for helicopters and for the

SEBritish VSTOL aircraft HARRIER (AV8).*
(" 2. In sea trials with the USS RALEIGH (LPD-I) which dealt solely with HARRIER ii

operations."
The development of these procedures and the rationale for the measures of ship motions em-
ployed have already been described in detail in connection witai ,the HARRIER/RALEIGH

trial.
""The present report concerns the results of two basically different types of analysis of ship

motion data, namely, the standard power spectrum analysis of ship motions and the aircraft event

analysis of ship motions during the specific time interval of an aircraft event (i.e., takeoff/
landing). Both types of analysis are required in order to relate ship motions to the degree

of difficulty experienced in such events.

It is recognized, of course, that the easi or difficulty of aircraft operations is influenced
*by many other factors, e.g., pilot skill, the maneuverability of the basic aircraft, the relative

size of the aircraft and the landing deck, and such environmental aspects as wind, turbulence,

and visibility. Accordingly, Chese additional factors were noted or recorded in some fashion

as part of the ship/sea motion measurements.

Trial results which deal primarily with the direct operation of the aircraft have been

*i reported separately by NATC.O The rationale for the present emphasis on relating ship

motions to the degree of difficulty in aircraft events is to use this relationship for predictive

-purposes for ships2 other than the 1052 class. The rins ship motions based onl standard
ship motion power spectrum analysis are to be related to motion measures, i.e,. event motions.

that relate to the degree of difficulty associated with aircraft landings anid takeoffs, Iloth
motion measurement parameters will be discussed in the following section.

p4
IN

SRt*otted nmaiy bY A.t. BARIS 0a4 DA. Woo4tAs as NSDOC Evalutiot•tt Rc SIp)-$2541,1 (i01b 1974).

* . RtPRoed itWoMuWfy by DA, WOOlAtA NSRI)C EvauatIon R MpS S424101 (Oc 1973).
| I'Commatos, MJ. etint., "Second Interim BeporI: SI.,21,' 1lc~pe. 4D1.[O32 Cls.Dsiyt• Ikt4 yaaznlczi Inteerace

w'zailon'" NATC Repoit T1-2OR.74 (Mat 1974).
2Bales. S.L. es el., "Rettpone Pteukltions or IleUtopttt Lan diplah "Atrom (o, USS II&KNAP (DLG46) ans ISS GARIA

"" (D-10041) C lass D oyet," NSRDC Repoet 38Wa (Jul 1973).
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DEFINITION OF SHIP MOTION MEASUREMENT PARAMETERS

RMS SHIP MOTIONS

The rms ship motions which characterize ship responses for stable ship conditions* are
defined as the standard deviation a from the mean value of ship response. It should be
recognized that this standard deviation is representative of an infinitely long time history of
ship motion taken when the ship conditions (load, speed) and the environment (sea direction,
height, and length) are constant. Obviously, a for a short finite sample taken from the in-

finitely long response time history will differ from the true a of that history. It has been
found in ship motion work that sample lengths of 18 to 30 minutes or 200 cycles of ship

motion are generally sufficient to describe the true standard deviation of the infinite response
time history, i.e., will result in statistically stable ship responses. J

The standard deviation is important because the short-term variations in ship response or
AE die peak-to-peak variations (double amplitudes) or the mean peak variations (single ampli-

tudes) of the response time histcry follow a Rayleigh distribution. In turn, this distribution
is uniquely defined by the standard deviation. To illustrate: if 1000 succesrive ship response
cycles were recorded and tabulated. 31 would be expected to range between 0 and 0.25o, 87
between 0.25 a and 0.5 a, 148 between 0.75 u and 1.0a, 33 between 2.5 o and 3.0oa, 9 be-
tween 3.0o and 3.5 a, and so forth.

I The probability associated with the occurrence of a particular level of wave height or
I ship response may be found by integrating the Rayleiglh probability density function of wave

height or ship response fromi zero to the desired height or response level. Table I presents
the results of such integrations as statistical constants which relate the rms of ship responses
or wave heiglits (1) to statistical ship response levels or (2) to the highest ex~ected responses

in a given number of cycles of ship responses. For example, the sinificant double amplitude
1 of ship motion is four times the mis ship motion whereas the significant single amplitude of

ship hotion 6t one-half the significant double wy plituste or twice te tis ship response. The
highest expected double amplitude in 100 cycles, on lthe other hond,6 is 6.06 times the mis

ship response. Note, however, that there is a rather large probability (0.63) that the highest

expected value in 100 cycles will be exceeded. See Bales et al.3 for a more detailed and
"thorough presentation of dte statistics of ship motions.

"Cetuiin changes In ship sped and headi'a wte set a) the U•ts AImI table lhip codjt~ o" tl a.. ai d" Isd lat In

4



1l.:
V71 TABLE I - STATISTICAL CONSTANTS FOR SINGLE AMPLITUDE SHIP RESPONSES

AND WAVE HEIGHT'S

SINGLE AMPLITUDE STATISTICS

Root mean square amplitude. rms, 1.00 u

Average am~plitude 1,25 a
Average of highest 1/3 amplitudes. significant 2.00o

Highet expected amplitude In 10 successive amplitudes 2.15o0

Averag of highest 1/10 amplitudes 2,55

Highet expected amplitude In 30 successive amplitudes 2.61c a

Highet expected amplitude In 50 successive amnplitudes 2.80o

Highet expected amplitude In 100 successive amplitudes 3.03o

7ihs exetdapiuei10 ucsieapiue .5
Highest expected amplitude in 2000 successive amplitudes 3.72a

I ~DEF INITIONS
02 *Statistical variance oftintve history
N *Numttpoftamplitudes

CONSTANT 42-f (to N112 vAwse CONSTANT relates o to the tughast expectod amplitude in N
ampalitudes.

NOTES,

I. The hIWIes expected amplitude in N ampilpbwks it t0% most probabile eatiemei value in N
ampiludlet. This value osav tie exceeded 03 peictot of the time.,

* ~~~2. To obtain wave heigt at doubl, amplitude asttlsla~ fromv toss values, multipy 6sInge
amplitude constants by 2,0.

Rangetn of

0- 1.9

2 1.9- 4.1
3 4.1- .

4 6.1- 7.4ii 7,4-s 13.0
6 13.0-20.81: 20.8-40.3

8 40.3 -61 .0

5 i



AIRCRAFT-EVENT-RELATED SHIP MOTIONS

The two measures of ship motions that relate to the degree of difficulty in aircraft

I events are defined in Figure 1. The first consists of the largest double amplitude (or max-minIvalue) that occurred within a given event.
Note from Figure 1 that the double amplitude may be equal to, greater than, or-

, occasionally-less than the instantaneous value. The double amplitude is considered to
represent the motion value in an aircraft event which a pilot will perceive and to which he
will respond. For example, if the double amplitude that occurred during a takeoff were to
represent, say, roll angle or lateral acceleration, the pilot would apply sufficient directional
control to compensate for the disturbing forces induced on the craft by ship motions. Thus,
the maximum double amplitude in an event is regarded as a measure of the extent of diffi-
culty encountered by the pilot due to ship motion.

The second measure of ship motion considered is the most important value of the in-
stantaneous ship response for the type of aircraft event considered. For a takeoff, the first

I.: • instant of the event when the aircraft landing gear starts to unload is defined as the -I

- instantaneous ship response of concern. Similarly for a landing, the last instant when the air-
craft becomes fully supported by the ship is the instantaneous response of concern.

It is expected that the pilot may have more trouble in controlling this second measure
/ i of motion-related difficulty. Furthermore this instantaneous value may be critical for the physical

considerations involved in the successful completion of the aircraft event. For example, the
- I instantaneous value of ship motions at the time the aircraft is in the process of becoming

fully supported by the ship is clearly more meaningful (skids may occur during this critical
time) than the maximum double amplitude in the entire event.

ii 1
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. 4.

M SHIP AND HELICOPTER PARTICULARS

~'1 Table 2 lists the particulars for BOWEN and Table 3 those for the helicopter and flight deck.

LMaximu Hulwee Deraft iulr. feet 415.0

Maximum Sonar Dome Draft. feet 24.5
.... .. .. Displacement, Full Load, (DE 1058), long tons 3931.0

Baseline to Vertical Center of Gravity (KG), feet 1.

Note: BOWEN is fitted with ontiroll lint, buit thm esere usod

f ~ ~ during only one flight (second flight on thet third of the 4.dey triall.
"4 L Thus it win not Possibie to establish either the effectiveness of such

fins or their potential for Improving aircraft capab~lity to lund, take
off, or traverse the landing Platform. This determination would have
doubled the length of the trial and was thus clearly beyond the scope
of the test plan.

TABLE 3 -PARTICULARS FOR HELICOPTER AND FLIGHT DECKC
~W VSH 2FPAND DE 1052

Helicopter Length Overall 62It 7 In.

Helicopter Average Gross Weight 12,000 lb

Helicopter LCG Station 1171 - 172

Helicopter Rotor Diameter 44 It
~1D l Dstance between Main and Tail Lending Geor t6 If9 in.

Distance to top of Rotor Head 13 ft 7 In.

Distance between Outside Main Lending Gear Wheels It It 7 In.
Filght Deck Width at Bull's-eye 39 It 9 In.

IClearance between Main Rotor an~d Hangar t0 It

Figure 2 Is a sketch of the BOWEN landing platform. There are two standard approaches

* ~left-seat (command) pilot flew the helicopior into the deck, and the starboard approach was
utilized when the right-.seat pilot controlled the craft. The nonstandard or cross-Jeck

"j
approaches and takeoffs evaluated as part of the BOWEN trial are alsio illustraled in
Figure 2.
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MEASUREMENTS AND OBSERVATIONS

BOWEN motions were measured on the centerline of the ship one deck below the flight

deck and directly under the landing target. The NSRDC instrumentation station was

equipped to measure pitch, roll, yaw/ship course, and accelerations in the vertical, lateral, and

longitudinal directions.
Acceleration sensors were mounted on a gyro-stabilized platform derived from a Mark 4

Mod 0 gunfire control model. This so-called "stable table" has been used consistently for

j many years by NSRDC to measure ship motions* and was modified in the late 1950's. (The

NSRDC electronic measurements of pitch and roll were supplemented by readouts from bridge-

mounted indinometers marked by the flight engineer.)

Ship speed and course were taken by means of repeaters from the ship's own sensors.

Wave height was measured by a Datawell buoy which was launched from the ship at zero

speed and tethered to it by means of a 300-foot-long line. This particular buoy is a standard

weight-height-measuring instrument which has won international acceptance by oceanographers

active in the field of wave measurements.

Time code signals and electronic event channels were utilized for time correlations

(1) between the instrumentation mounted in the helicopter and other ship/aircraft sensor

instrumentation and (2) betweenS the ship and the helicopter itself. The event channel was

Time correlation between ship motions and helicopter measurements was accomplished .

by relating the ship to the helicopter at two distinct periods in the landing or takeoff

sequence. The start of the event (say, takeoff) was marked by activating an electrical switch

as the helicopter wheels started to lift, i.e., as the tires unloaded from the deck of the ship.

The end of takeoff was similarly marked when the last part of the helicopter had crossed the

edge of the deck. Figure 3 demonstrates a typical helicopter landing sequence.

At the NSRDC instrumentation center below the flight deck, attempts to mark aircraft

events by observing them on a television monitor were unsuccessful for two reasons. First.

the perspective and view of the aircraft near and on the flight deck were inadequate to give a

clear indication of when the craft crossed the flight deck, and either left or came to rest on it.
Second, the remote viewing station complicated communications with the other member of the

Stest team and also precluded observations of the direction and state (growth and decay) of

the sea relative to the ship.

'Dcewibad by SR. Gu*deutor aud L.C. Ruth in NSRDC Evaiuatlon Rqto: SPD.5IS41-O0 (Mat 1973).

8



The remote viewing did prove valuable, however, in that it enabled the ship motion
record to be marked manually whenever the helicopter slid on the deck (no provision had
been made for electrically recording the start-stop sequence).

In addition to marking the aircraft events, the NSRDC observer in the flight tower noted
the direction and state of the sea and recorded factors which identified a particular aircraft,i :event, i.e., time of day, speed and direction of the wind, type of aircraft maneuver, and
pilot comments including their qualitative ratings of the ease or difficulty of an event. (These

ratings are termed pilot rating scale-PRS). The observer also added his own comments on
the timing of the event relative to the sea and ship motions and gave a general qualitative
evaluation as to how difficult (rough or smooth) the event appeared from the ship.

Most data were recorded both on an eight-channel BRUSH chart recorder and a fourteen-
Schannel FM analogtape recorder. Details of calibration procedures are given in Appendix A.
Additional information (n the instrumentation specifications valid for NSRDC measurements

during the BOWEN trial is similar to that given in Appendix A of the informal report by

Gunderson and Ruth (see footnote to page 8).

PROCEDURES FOR ANALYZING DATA COLLECTED BY NSRDC

The collection and evaluation of data were specifically intended to answer such questions

as:
1. How successful are helicopter pilots In avoiding landings or takeoffs during the worst
cycles of ship motion in the short time segment (e.g., 3-5 minutes) within which an aircraft

event must occur?
2. What levels of ship motions appear to present problems?
3. Which motion component, or group of components, appears to present the greatest'Idifficulty in the aircraft landing/takeoff cycle?

• ~As already Indicated, two basically different types of amilysis were employed for the

ship motion data. The first, the standard power spectrum analysis of ship motions, provided

a valid statistical description of the BOWEN motions and the sea conditions under which the
trial was performed. The second, the aircraft event analysis, utilized slip motion and aircraft
correlation techniques to relate the degree of difficulty due to ship motions to the standard

statistical description of these motions established in the first type of analysis.

9
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It should be noted at this point that the present state of the art in ship motion theory

does allow for accurate predictions' 4  of standard statistical measures of ship motions, e.g.,
both significant ship motions and their time histories. Yet there is presently no known

method or theory for relating predicted ship motions2 to the three specific ship/aircraft
Interface problems enumerated above.

The present effort was therefore aimed at establishing this relationship between ship

motions and the degree of difficulty that they cause aircraft operations at the air/ship inter-

face. References 3and 4contain several specific examples of ship motion predictions based

on measured model- and fulli-scale data.

Since the p~rocedure used by NSRDC was concerned with establishing BOWEN motions

during the entire time period that flight operations were underway (flight quarters for ship

and trial personnel), ship motions were recorded continuously during helicopter flights.
Figure 4 demonstrates this measurement pattern over the entire 4-day trial period as a series

of short, broad, dark fines. The length of a line is directly proportional to the duration of a{ particular flight.
In this context, it should be noted that the data within each flight were marked prior to

reduction in accordance with the two aforementioned basic types of analysis performed,'4 namely, power spectrum analysis and aircraft event analysis.
The power spectrum analysis was perforined when ship conditions were stable. In other

words, there was a limit on the variation of ship speed (±1l.5 knots) and heading (:t27 degrees)**

during the analysis time interval. Figure 5 was prepared to illustrate the data pattern of

analysis within a given flight. The pattern shown there is an exppision of the line representing

Day 2 in Figure 4. More specifically, Figure 5 presents the data pattern for Flight 7 of the
trial (Flight 3 of Day 2). It is clear from FIguro 5 that five distinct periods of stable ship

conditions were encountered durling this particular flight. Each combination of ship speed

Ii: and heading encountered during these five Intervals resulted in different rms values of ship

. .. ... .. . .response-, see Table 1.

3Zunick. LE. and LA, Diskin. '1Modelln Techniques for the Evaluation of Anti.Roll Tank Devices," Third Ship Contiol

Symposium, Bath, England (Sep 1972).j

Reported informally by AXE. Dailia et a&. in NSRDC Evaluation Report SPDSI4 18401 (Mau 1973).

'Ship motion tmin values are regarded is stasthfislly stable If two samplings for equivalent time segment$ At the "ame
physical condtions (wave height, ship speed, and ship heading yields Approximeately the samte values.
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However, the primary purpose of the BOWEN trials was not the study of ship motions

and so the time periods for which stable ship conditions were obtained varied widely, i.e.,
from 4 to 42 minutes. As already indicated, 18- to 30-minute test periods are generally

required to obtain statistically meaningful data. Nevertheless, motion results were calculated
for all stable ship motion periods even though some rms values are not necessarily statistically

stable.*
The time dpration for stable ship conditions, i.e., constant speed and course, are given in

Table 4 together with the corresponding numbered aircraft events. It is noteworthy that
air, raft events did not always occur after ship speed or course had stabilized. In fact, stable
ship conditions did not necessarily occur until some time after the start of an NSRDC data
ran. For example, note for Flight 1, Day 2, that seven intervals of stable ship conditions ob-
tained during Runs 9 and 10. In all, there were 25 aircraft events during Flight 1, but only
23 of them are contained within the seven intervals.

Reduction of data foi ship motion/aircraft correlation was performed for every single
aircraft event. Thus, waveoffs which occurred during landings and specific intervals during
which helicopter single point tiedown evolutions were performed have all been treated in the

same fashion, Each individual pair of landings and takeoffs was generally performed under

different flight conditions, i.e., different relative wind speeds and directions, different

approach or takeoff directions, different landing and takeoff techniques, and thus different
operational capabilities of the helicopter. The individual events are denoted as vertical arrows
which start on the flight time scale in Figure 5. These individual events were numbered and
related to the flights and specific stable-condition intervals within that flight in Table 4.
Summary listings (Tables 5a-1d) were prepared for the double amplitudes and instantaneous
values of ship motions for all individual aircraft events in a given trial day. These listings
relate the specific motion levels during aircraft events that occurred at the various ship motion

,conditions presented in Table 4.

$1 I

MEASURED SEA, SHIP, AND WIND CONDITIONS

SEA CONDITIONS

Figures 4 and 6 show the sea conditions that prevailed throughout the trial in terms of
significant w:ave height (see Table I for definition), maximum wave heights recorded during

*Ship nmoioun tnin values ate teotaded as statitically stable It two sa•nplingo for equivalent Wlim c•l•1nlts at th• u•uto
plysi"al eo nllons Awae hdjtht, fp stpeed, adl h4 headh) yield a•tpe•OUnazly theo amde valuc,
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"the individual wave height runs, and wave height spectra. It may be observed from these I
measurements that seas were equal to or greater than a high State 4 for the majority of the
aircraft events. In addition, the wave height spectra for Runs 8, 12, 17, and 21 shown in
Figure 6 indicate that there appeared to be a single predominant sea rather than a sea plus
swell as, e.g., in Run 15 of Figure 6.

SHIP MOTIONS

Figure 7 presents the maximum variations in significant ship responses (as defined in

Table 1) within a given flight as well as the wave heights th•at produced these motions. Unless
otherwise noted, all responses are given as double amplitudes. These significant sh'p responses
were calculated from the individual sections of response time histories during which ship speed I
and heading were stable. There were generally several such intervals during a flight, and each

"interval generally corresponded to different stable conditions of ship speed and heading. Both

the largest and smallest significant ship responses within a flight are shown in Figure 7 to ]
document this range of response levels. The reasons for these rponse variations and their

implications for aircraft operations will be discussed later.'1 The greatest measured variations in significant ship responses during a particular flight

were 1.8 degrees for pitch, 5.8 degrees for roll, 4.7 feet for vertical stem motion, and 0.07 g
for lateral acceleration. The flights during which these ranges of ship motions were recorded
are shown in Figure 7 as short, wide, black lines. The length of these lines is proportional to

the length of the flight in a fashion similar to Figure 4. Ship motions recorded while the ship

was hoved to in order to measure wave height are shown as open circles in the individual

graphs of ship responses. Pitch and pitch-associated stem motion are also shown in the figure
together with roll and roll-associated lateral acceleration.

Although the ship responses generally followed the trend for wave height, there was a
difference in responses between the second and fourth trial days, the highest wave heightsA recorded on those days were respectively 9.3 and 7.5 feet. The largest significant lateral

'1 acceleration (0.16 g) was measured on the second day, but the largest significant roll

(12.8 degrees), the largest significant pitch (5.36 degrees), and the largest significant vertical

stem motion (16.8 feet) were all recorded within a I-hour period on the fourth day.
The fact that all the largest values for these different measures of ship response did not

occur In the same seas demonstrates that the frequencies of maximum lateral accelerations

are different from those for maximum roll, pitch, and vertical stem motion. Thus the ship

operator cannot simultaneously minimize these four responses.

12



WIND CONDITIONS";

The true wind speed and direction are tabulated in the tenth and eleventh columns of

Table 4. These computed values were based on the measured ship speed and heading and
the manually recorded relative wind speed and direction as measured by the ship anamometers
and displayed in the flight tower. The manual recording of relative wind was performed by

ite NSRDC engineer in the flight tower at the time of the individual aircraft events.

The daily average wind speeds calculated from Table 4 indicate that aircraft events on the
first and fourth days of the trial occurred in average true winds of about 15 knots and that

those on the second and third days occurred in average true winds of 24.4 and 16.6 knots,

respectively. Thus aircraft events on the second day occurred duriiig the highest, average true

wind speeds encountered during the trial. The highest wind speed of all (31.3 knots) was j
measured during the third flight of the second day; a speed of 30.6 knots was recorded during 14

the first flight of that day. These wind conditions corresponded to the flight during which
the highest lateral accelerations (ship motion) were obtained.

On the other hand, the lowest wind speed (4.7 knots) was recorded during the last flight

hof the fourth day, the event for which pitch and vertical stern motion were the largest for
the entire trial. Thus it is evident that ship motions per se are not necessarily directly 1ý4
correlated to wind speed and that a knowledge of wind speeds alone is not adequate for pre-

dieting ship motions during which aircraft events are intended to be conducted. A more
detailed discussion of the variables which influence ship motion levels during aircraft events is
given later.

It is important to note another characteristic of the measured winds, namely, the

fluctuation of wind speed and direction with time. The highest hourly fluctuation of wind
speed noted during the trial (18.5 knots for Flight 8) was associated with a 22-degree shift in
wind direction. But the highest hourly fluctuation of wind direction (100 degrees) noted

during the trial (Flight 3) was associated with a wind speed ofl only 6.2 knots. Thus very

large variations in wind speed and direction occurred during intervals of less than I hour.
Wind speed and direction should be recorded in similar tfas•ion as ship motions for dynamic

interface trials such as that with HOWEN.

SHIP MOTIONS CORRESPONDING TO A TYPICAL WIND
LIMITATION ENVELOPE

if. z •As mentioned in the introduction, the BOWEN tri•l represented an attempt to expand

tie existing wind Ilinitation envelope for LAMPS htelicopters operating with Dr-l 052-Class

13
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ships and to assess a series of new landing and takeoff techniques.* A discussion of the

methods for determining the aircraft limiting envelope is given in Appendix B in order to

relate measured ship motions to the established limiting wind envelope. These trial procedure

observations are also made to assess how ship motion productions may be made for specific

existing or future limiting wind envelopes. No reliable method is currently available to

establish this relationship.
Figure 8 was prepared to demonstrate the ship motions corresponding to a typical

limiting wind envelope (preliminary) during the present trial. The graphs (roll and pitch) show

this envelope as well as both the significant and the largest response double amplitudes within

the aircraft event. The ship motion measures indicated on the graphs represent the result of

the two types of analysis performed. Response magnitude is plotted similarly to relative wind

speeds, i.e., magnitude increases with increasing distance from the center of the graph. The

ship roll and pitch shown on the graphs correspond to the limiting wind test points defined by

Pilot Rating Scale", PRS, ratings of 2 or more. Unlike wind data, the roll and pitch data are

connected by straight lines.

Figure 8a illustrates the ship roll measured by NSRDC at the different relative wind

speeds and directions. Roll motions appeared to reach a maximum in both head and

quartering winds. Ship roll genermdly increased as headings varied away from head seas and

decreased somewhat as ship speed increased. The large roll In head winds for two particular
events are unexpected and suggest contributions from either one or a combination of the

following factors:

1. Waves may have been higher at these events than at others.

2, Wind waves may not have come from the same direction as the waves which, in turn, pro-

duced roll (i.e., the presence of swell).

3. Very low ship speed and relatively high true wind,

On the other hand, the large roll in beam and quartering seas is expected because the

imagnitude of the relative wind does not suggest a very low ship speed, and quartering winds

also often correspond to quartering seas.

in general, these ship roll response curves indicate that when the helicopter was operated

near its limit in head winds**$, ship roll was quite small. In contrast, when the helicopter was

operated near its limit in port bow and starboard beam winds, ship roll was quite large (signlf-

Icant roll of 12.8 degrees). It Is noted in passing that 12.8 degrees represents a substantial

amount of roll. In turn, such magnitudes suggest that although roll may have constituted a

problem during bow and beam winds, it is unlikely to have been a problem during head winds.

l)clatls on the aircraft techniques have boen roponted in Refacm I.
**Set Reftrence I for dUttilton,

69c6dai te tbo htetpa r llpd on Us I&WLV tint
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A comparison of the two types of ship motion measures shown in Figure 8a suggests

that significant ship motions are generally equal to or greater than ship-induced event motions.
In other words, the pilots were generally successful in landing during ship roll motions which

were less than the significant ship motions.

Figure 8b gives similar information for ship pitch. Unlike roll, pitch was relatively
constant (about 2 degrees significant) with wind direction. Again as with roll, the exception

appeared to be in head winds relative to the helicopter. Pitch appeared to be minimal (about

0.7 degree significant) in the helicopter head wind test, suggesting that ship motions were

minimal during these relatively easiest limiting conditions (head winds).
4 1The pilots were generally successful in landing during ship pitch motion less than the

significant ship motions. The exception for both pitch and roll was for quartering winds

relative to the ship or beam winds relative to the helicopter.

A comparison of Figures 8a and 8b indicates that during limiting wind conditions, pitch
was usually about one-third as large as roll, This does not imply, however, that pitch and

pitch-associated vertical motion (or verticO acceleration) of the landing platform are less

important than roll.*

The limiting wind envelope shown in Figures 8a and 8b does not necessarily represent a

final envelope that has been approved by the appropriate naval commands. Rather it is a

preliminary envelope selected from the NATC data files and is included here only to illustrate

typical ship motions that correspond to such a limiting envelope.

At any rate, the envelope illustrated in these graphs applies for daytime port approaches I

and starboard launches with ship roll of 10 degrees and pitch up to 4 degrees (based on
4 inclinometer readings).

The correlation was poor between values of ship pitch and roll us measured electronically

by NSRDC and as recorded by bridge-mounted inclinometers. This discrepancy is explainable

by two basic sources of error. One is associated with the basic inaccuracy of inclinometers as

devices for dynamic measurements of roll and pitch. and the other is related to the timing

with which the sensors age read. Both sources of error are discussed in Appendix C and

illustrated with reference to. the wind limiting envelope of Figure 8.

The need for more accurate measurements of pitch and roll than possible with inclinometers

presents no difficulty. These can be obtained from the sensors of the gyro-stabilized navi-

gational compass. All that is required is the installation of pitch and roll repeaters on the

bridge and on the flight control tower.

"The itaislvt Imponlatwe of ship roll snid pi•ch in alicift lianul4ri and tlakolts van be ellabllth.ed by a sittildcal aalysi
Whcerin tUz Iadvid&&a eva e~ aw maone u tidked in order of decteasis* tesoms. Th is Isdone ltaer in the report.[.I
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TIME HISTORIES OF SHIP MOTIONS

Figures 9 and 10 present ship motion data collected during some of the more severe test
conditions, i.e., low State 5 seas in the form of time histories. Results are shown in this .nost

basic form:
1. To illustrate the general fluctuations in ship responses with time.
2. To demonstrate the importance of timing aircraft events to occur during benign ship

motion conditions, i.e., lulls.
3. To document conditions that produced aircraft skids.

Only the most important ship responses are shown in the figure along with the calibrations and

the polarities of the responses.
The results of a standard landing with a turn on the spot aircraft maneuver are shown as

Lvent E-6 in Figure 9. (Figure 3 presents a pictorial record of this relatively difficult
(PRS = 2.5) event.) The corresponding rms ship motions and aircraft event ship motions are

X given respectively in Tables 4 and Sb. This landing thus represented aircraft operations beyond

"•limit expected of Fleet pilots.

Figure 9 also presents ship responses for an across-the-deck landing and takeoff sequence. ij
This sequence included an unsuccessful cross deck landing attempt (E-10) that resulted in a
wavcoff, as well as a subsequent repeated attempt that was successful (E-1 I) and the equally

successful takeoff (E-1 2).
Figure 10 presents a similar cross deck landing sequence performed on the last day of the

trial, This latter sequence is of particular importance because ship motions* caused the hell-
A:! copter to skid. The sequence of events is shown on the figure for two different time scales.

The more compressed time scale (top of figure) covers the skid event together with the landing
that preceded it and the emergency takeoff that followed it. This same sequence is shown on
an expanded time scale in the lower half of the figure.

It is quite evident that the landing occurred under conditions of particularly high roll
and lateral acceleration, followed by a relatively long period of low roll motions. Although
this cross deck landing was successful in that there was no damage either to ship or helicopter,

the extreme effort required of the pilot (see Events 10, Ii of Flight 1 1, Table Sd) placed

I .this event beyond safe operating limits for Fleet pilots.

After this hazardous but successful cross deck landing had been made, the aircraft wheels

were chocked. The helicopter was then partially tied down to the deck (some but not all

16
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tiedown chains were fastened) and lead ballast was loaded into the craft*. About 83 seconds

after the landing and before this loading was completed, the "lull" in ship motions ended.
The particularly large sequence of roll angles which followed then caused a sudden,
unexpected, long skid of the entire aircraft towards the portside of the ship, and there was

some likelihood that subsequent roll motions might aggravate the slide. Tiedown chains were
therefore removed as rapidly as possible, and the helicopter made an emergency takeoff

21 seconds after the skid".

It is evident from this skid and takeoff sequence that if the aircraft had not taken off

when it did, the next sequence of large roll motions (roll, vertical and lateral acceleration)

which began immediately after the takeoff might well have moved the aircraft over the edge

of the flight deck. This particular sequence of events thus demonstrates the importance of

the timing (luck) of the aircraft events relative to the ship motion and emphasizes the

importance of having the helicopter securely tied to the deck during high roll conditions. Roll

and the associated lateral accelerations are considered to be the ship motion components which
produced the skid. Clearly, if critical stages in the aircraft events can be made to occur during

lulls in ship motions, no motion-induced difficulties, such as skids, are likely to occur. The

helicopter is particularly vulnerable when partially tied to the deck and also when it is A

supported partly by lift and partly by the ship during landings and takeoffs. The former
condition is considered to be more dangerous than the partial lift situation because it takes V

much longer and thus exposes the helicopter to more extreme ship motions. (The value of -.

expected ship motions Increase rapidly with time. For example, the highest value expected in

a IO-second interval increases by 28 percent in 20 seconds and by 41 percent in 30 seconds.)

Thus, minimizing the exposure time of the helicopter during such vulnerable stages as deck

tiedown pays off by reducing the likelihood that excessive ship motions will be encountered.

f|• The relative importance of the occurrence of excess•iv motion cycles while the helicopter

j -• is in the air over the deck (event double amplitude) and while it is partially secured to the

deck may also be Inferred with limited confidence from this sequence of landing, skid, mid
emergency takeoff. When the event double amplitude of roll is compared to the skid-

associated double amplitude of roll, both are found to be about 19 degrees. Both of these

"rather large roll cycles increased pilot difficulty, but there is little doubt that the skid-

producing roll was the more dangerous and important of the two. Accordingly, it is concluded

"that roll motions while the helicopter is partially tied down tend to limit aircraft operations
more than do aircraft event roll motions. It follows logically therefore that a more rapid tic-

down has important potential for extending the aircraft operational limits from this ship.

Sa WWIui V( thitt and athet~c hig~h Alpi moti~on vto deck Landiap ~aJ takc0((a, the kioau dtdL- lantI tczis L W
IttnhAnedL~ rot Ikek UW was wa )dIMed in KRCtfeItt' I.4
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OPERATIONAL IMPLICATIONS FROM THE ANALYSES OF
SHIP AND AIRCRAFT-EVENT MOTIONS

RELATIVE DIFFICULTY OF TAKEOFFS
AND LANDINGS

The aircraft events obtained under stable ship motion conditions represent a total of 90

takeoffs and 97 vertical landings. These events were ranked in order of decreasing ship
motions and related to the landing incident considered as indicative of serious difficulties, i.e.,
waveoffs. Figure 1 and Tables Sa-5d summarize the double amplitude ship motions that
relate to the individual aircraft events. In the interest of brevity, only the highest 30 events
ordered by pitch, vertical acceleration, roll, and lateral acceleration double amplitudes are shown.

The vertical scales for the individual graphs in Figure I 1 represent the largest double

amplitudes in the aircraft event (see Figure 1) ranked in order of decreasing ship motions; the
-1.. horizontal scales represent the corresponding numbers for aircraft event in the ordered sequence.

It should be noted that these events are completely time independent, both from event to

event and from ship motion to ship motion, In other words, the landing that constitutes the

highest event for pitch (5.6 degrees) may have occurred at a completely different time from

!i: the second highest event. In addition, this highest event for pitch does not necewsarily
correspond to the highest event for roll (14.6 degrees), vertical acceleration (0.31 g), or lateral

acceleration (0.20 g). The values for tile highest events a.ý well as the aircraft events which
resulted in waveoffs are alsc specified in this summary figure. Waveoff events were treated

exactly the same as other aircraft events,

This comparison of the relative levels of the double anplitude ship motion responses indi-

cates that takeoff values were always less than or equal to landing values but never greater.
SlThe times associated with these events were shorter for takeoffs (average of 9.8 seconds) that)

"for landings (average of 19.6 seconds). Accordingly, takeoffs generally occurred during no

inore than two complete ship motion cycles whereas landings sometimes required as many as

five cycl, Ot tile average, 46 percent of the takeoffs occurred in less than one complete
ship motion cycle whereas only 23 percent of the landings were aeconplished in less than one

cycle.
YThese results may be interpreted to mean that pilots find it easier to select the proper

time to take off and that they spend less time over the deck once they decide to launch.

Since the level of ship mnotions increases rapidly with time, a quick takeoff exposes the
helicopter to substantially lower double amplitude ship motions. (This result was also ob-

served during HARRIER operations aboard GUAMt.
To conclude that takeoffs are easier than landingi does not necessarily mean that puilots

will be able to select lower instantaneous ship motion values in which to consciously perform
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critical stages (aircraft support partially from lift and partially by the ship) of operation. In fact,4

a review of the instantaneous values tabulated for the individual aircraft events suggests that

takeoffs occurred at greater values of pitch and roll than did landings. This implies that although
[ ~the pilots attempt to land/takeoff during lulls, they are not particularly successful at simultan-

eously making the instant of touchdown or liftoff occur with a level deck.1

The largest instantaneous values associated with landings and takeoffs were respectively
6.3 and 7.6 degrees for roll (second day of the trial) and 1.6 and 1.4 degrees for pitch

(atflight of the final day of the trial).
(atThe ordered sequence of aircraft events places waveoffs during landings at or near the top.

sdrdto be precursors of serious difficulties, their curneeathtoofbhte
pth(and pitch-associated vertical acceleration or motion) and the roll (and roll-associated

ltrlacceleration or motion) sequences indicates that both types of motions create diffi

cute naircraft operations.

RELATIVE IMPORTANCE OF ROLL AND
.ITCI1 IN AIRCRAFT OPERATIONS

Note from Figure I I that during the aircraft events, extreme pitch motions were about

one-half as large as thle extreme roll motions and -surprisingly - that the extreme lateral

accelerations were about two-thirds of thle extreme vertical acceleration%. Thus lateral

accelerations are relatively large for tile 1052. class. and consequently roll is a more important

component so far as aircraft operations are %;oncertwd than for some other ship types. For

instance. Canadian experience with helicopter/ship operaticts and U.S. Navy oxperience with~1* helicopters operating from the GUAM both ini~dcated that pitch and its associated ship motions
WONe more bothersomie than~ roil.

This apparent discrepancy in the component of still motion which produces operational
difficulties is considered to be retlted to the angle between the lorgitudinal axes of ship and

aircraft during critical stages of landing/takeoff. Thus ships which launch and recover aircraft

only pitch and Its associated ship mtotions ttoublesonie during lantlingp and takeofis. But
these operations as conducted by 1052-Class ships involve subt~antial aigles between thc longi-

tudinal axes of craft and ship. Roll and roll-associated ship motions then also become factors

for whtich~ the pilot has to comipensate or contend with in the critical stapes of landiig. and

takeoff.
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"The addition of the roll component to tthe motions of major concern to the pilot will:RIP.
"I" substantially increase the difficulty of landing and takeoff. Moreover, it is quite impossible

for the ship operator to simultaneously minimize both sets of motion components.

The results imply that either pitch or roll may independently produce difficulties or even /
cause cancellation of aircraft opetations with the 1052 class. Accordingly, roll stabilization of

this class would directly improve its capability to launch and recover aircraft.

CRITERION FOR ROLL STABILIZATION 
"

Roll stabilization is an alternative/complementary procedure for extending the operational

capability or safety of this or similar ship/helicopter combinations. A conservative roll WDj
stabilization goal or criterion can be extracted from the 1300-second interval of stable ship
motion within the segment during which the skid and emergency takeoff sequence of Figure
10 occurred. The roll and lateral accelerations in this segment of Flight 11 (12.8-degre.e I
significant double amplitudes of roll) are considered conservative estimates of the most seve:%.
conditions in which unassisted, free deck landings can be made with a reasonable degree of
safety. Normal landings/takeoffs under these conditions can be and were made at limits
(PRS = 2.0) expected of Fleet pilots (see Table 5d, Flight 11, Events 6 and 7). It is con-
cluded from the above data that a I 2.8-degree significant double amplitude roll represents

realistic roll siabilization goails for destroyers deploying helicopters for free, unassisted deck

landings.

MOTION LEVELS THAT LIMIT AIRCRAFT
OPERATIONS

Because of the very large number of variables involved, motion limits can be specified
here only in term; .f a range rather than on the basis of specific single values. The number of
variables involved also makes a statistical approach appropriate. Two basic types oe statistics
can be utilized to establish limiting motion levels:
1. The pilot rating (PRS) of the difficulty of aircraft events and pilot comments following C -.

particular events.

2. Cases where ship motions and other flight conditions were so severe that the event had to
be aborted.

The results of pilot ratings have been -,ported in Tables Sa-5d. However, they were not used
for the present analysis because the waveoff criterion is considered somewhat more reliable

for defining the o.ioion levels which limit aircraft opeoations. It has already been indicated
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, ~that landings are more difficult than takeoffs; they take more time to accomplish and generally
occur at higher ship motions (see Figure 11). In this context, then, motion levels that cause
landing waveoffs are considered to be the levels that tend to limit helicopter operations.

.•i~~ii•[•,Difficulties can be expected when motioni within the aircraft event reach pitch levels

.. from 2.7 to 5.6 degrees and roll levels from 6.4 to 14.6 degrees. The equivalent values for

pitch- and roll-association motions are 0.17 to 0.31 g for vertical acceleration and from 0. 12

A 4, ~to 0.20 g for lateral acceleration. The corresponding values of significant ship motions are
2.2 to 4.0 degrees for pitch, 4.4 to 11.1 degrees for roll, 0.13 to 0.25 g for vertical

acceleration, and 0.09 to 0.16 g for lateral acceleration.
Although these levels of significant ship and event motions produced difficulties with

aircraft landings, they do not necessarily represent the highest levels during which landings D
can be accomplished. Significant and event motions can be considered synonymous with

limiting ship motions only when repeated attempts to land under the same conditions result

in repeated waveoffs.
An individual waveoff indicates conditions where recognizable lulls in ship motions did

not occur or could not be utilized* while the helicopter was hovering over the deck. The

distinction is illustrated by Figure 12 which represents the last flight of the trial.

It is clear from Figure 12 that prior to the waveoff, ship motions during the aircraft

E .event contained many lulls during which a landing would have been relatively simple. It

seems far safer to conclude, then, that the event motion levels that resulted in waveoff were

t' ~4limiting motions. The relation of these event motions to significant ship motions cannot be

I •i inferred with precision at this time. More extensive ship/aircraft event data in high seas are

required to refine the relationship,

Although event motions may constitute limiting ship motions so far as landing or takeoff

is concerned, they are not necessarily limiting for the entire operation. For example, a diffter-

ent and lower ship motion limit may be nocessary while the aircraft is being securely tied to

-,•: :the deck, or while maintenance is being performed. Thus the availability of a quick-sWcuring

- V mechanism and a pilot-controlled quick-release mechanism would enable tile pilots to take

better advantage of lulls and thus enable helicopter operations under higher ship motion

-• ¢-conditions than observed during the trials. This assumes, of course, that pilots/deck landing

crews are able and willing to make several attempts at a landing.

PILOT SKILL IN SELECTING LULLS IN
SHIP MOTIONS

Pilot skill in locating lulls in ship motions can be deduced by comparing tilt, largest

. double amplitude within an aircraft event with the two measures of ship motion:

"I. The largest possible ship motion that the pilot could have encountered during tile short

I time segnent within which the event must occur.

1.I 21Owl tA for a ,AV lff Ut 40 Wholthe illhm ahlll, to petf,.m u n ltal 1Al1t11l1P had t , o de defibetaly,::'?•3-:•.•;~ ~~ to!•. difftult by either ot Iompf1t a w.ou de~i- WONll at byt dVAdIA11 the IIYIA$ OU11c q uit• 11W 101-V110 (d•Opl•fo W~l p011KO.



2. The standard statistical measure of ship motions, i.e., the significant ship motions.
Figures 13 and 14 and Tables 6A-6H were prepared to demonstrate pilot success in 1o-

cating lulls. Figure 13 presents pitch and roll results for both takeoffs and landings, and

Figure 14 s)iows the associated vertical and lateral acceleration. The tables give the ordered
U.!: values from which Figures 13 and 14 were prepared.

Note that even during the highest ship motions, the highest aircraft event did not

necessarily occur when the significant or maximum ship motions were largest. Consider, for

example, the second and twelfth events in Figure 13:

Event Roll, deg Significant Roll, deg Maximum Roll, deg

E-2 12.8 11.1 15.6

E-12 7.1 12.8 19.2

Thus the occurrence of aircraft events in the random motion time history is marked by vary-
ing success in timing the events to occur during lulls in ship motions. On a few occasions,
the aircraft event occurred during the worst possible period of ship motions within the 3- to
5-minute segment of stable ship conditions. Unfortunately, such incidents tended to occur
for the larger motions and thus these particular aircraft events rank at or near the top of the

ordered sequence.

Lulls were particularly apt to be missed during pitch and pitch-associated vertical

accelerations. Note the first five events in the landing sequences of Figures 13 and 14. Here
the pilots inadvertently used the worst possible motions (denoted by x on the graphs) four
out of five times for pitch and twice out of five times for pitch-associated vertical acceleration.

In contrast, they selected the worst possible motions for roll twice out of five times and those
for lateral acceleration only once out of five. Thus lulls during roll appear to be easier to
locate than lulls during pitch. Clearly, a landing aid to lessen the likelihood of missing a lull

at higher ship motions would be very valuable.
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SHIP MOTION DESIGN VALUES FOR SHIP/HELICOPTER INTERFACE

Standard measures of ship motions and the degree of difficulty experienced in landing/

takeoff operations from a ship are useful both for the ship/aircraft operators and for purposes
of ship/aircraft interface design. Data from the BOWEN trial indicate that the operators are

less successful in finding motion lulls at the limiting ship motions (Figures 13 and 14) than
at less severe and typical ship motions, such as those corresponding to a typical wind envelope
(Figure 8). It is clear from Figure 8 that the landings and takeoffs are generally made at ship
motion levels lower than the significant ship motions. However, this relationship between a
statistical level of ship response* and the level at which aircraft events tend to occur cannot
be used with confidence in interface design because it is exceeded quite often when operations

are performed at higher ship motion levels.

At the higher limiting ship motions it appears that the operators frequently inadvertently:•.,. •perform the aircraft operations at the highest possible ship motions that occur within a 4- to:'41.5-minute period of stable ship motions. Based on the highest five events in Figures 13 andai 14 and Table 6, these extreme motion levels correspond to the highest expected ship motion

in as many as 280 motion cycles. It is to be noted, however, that these highest events

occurred under unrealistic operational conditions in that, they were obtained as part of atrial. Undei" normal operating conditons, it is considered unlikely that the ship would retain
its helicopter recovery course for as long (up to 41 minutes) as it did during the trial. Thus,

* no matter how poorly the ship motion lull was "taken advantage of," the helicopter event
would not realistically be exposed to the highest expected extreme motion in 41 minutes.

For these reasons it is considered that the highest expected value in 280 cycles (3.36 rms)

of motion rather than the highest expected value in 100 or 1000 cycles (3.03 or 3.72 times
* rms) of Reference 2 is appropriate and conservative for interface design.

CONCLUSIONS AND RECOMMENDATIONS

Eleven maiior conclusions and recommendations are made on the basis of the BOWEN•':ii! ;!trial.

I. Air turbulence or gustiness produced more difficulty during landing/takeoffs than
Sdid ship motions; thus, dynamic interface trials should provide for measurement of wind speed

* and direction in the same fashion as wave height and ship motion.

"2. Helicopter operations are limited more by the difficulties experienced during

landings than during takeoffs.

I." iignlkAnt I shid |i tilkonio response is equal to 2.00 in$s for Sinle amiplit •d s or 4.00 ro s for double am plitudes.
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3. Both roll and pitch independently produce aircraft landing difficulties, but the ship

operator cannot simultaneously minimize roll, lateral accelerations and pitch, vertical acceler-

ations.

4. The most practical and efficient way to extend the flight envelope for unassisted
., landing and takeoff operations is to use devices which minimize the time that the helicopter

is not secured on the deck, e.g., rapid securing devices during landings and/or pilot-activated
single point tiedown release during takeoff. Roll stabilization to 12.8 degree significant double
amplitude roll will, of course, also extend the helicopter deployment capability of destroyer

0or other naval ships.

5. Waveoffs are indicators of definite occurrences of difficulties during landings,
t! their relative scarcity indicate that the ship motion levels experienced in the BOWEN trial

do not represent the highest levels during which safe landings can be made. More ex-

tensive trials in high seas are required to establish the true upper limits in which safe,
unassisted helicopter landings can be performed on ships such as the DE-1052 class.

6. Additional trials should refine landing techniques during periods of high motions,
particularly with regard to how ship motion lulls can be taken advantage of as reliably

(safely) as possible. The feasibility of having the shipboard landings signals officer transmit to
the pilot the best time to start a landing from the ship motions viewpoint should be investigated.

7. During periods when ship motions were moderate, the pilots were able to time
landings and takeoffs to occur at somewhat less than significant ship motion levels. However,

during high ship motions, they were much less successful in locating lulls in these motions,
particularly when they involved high pitch*. For example, in one case a landing occurred
during the worst possible set of ship motions in 28 minutes. Clearly, the search for and the

use of lulls can result in highly variable event/ship motions. This technique. in fact, may be

more dangerous than randomly selecting landing times. It is recommended, therefore, than
an electronic landing aid be developed to lessen the likelihood that a lull in motion is
missed when such motions reach high levels.

8. Pilots were not particularly successful in making the instant of liftoff or touchdown

coincide with a level deck. A 7.6-degree roll at the instant of takeoff renprsents the largest value
of roll observed during the trial, It is to be noted, however, that this value did not result in air-

craft operational difficulties.

9. The continual variability in the roll and pitch time histories provided by the ship
inclinometers unnecessarily complicated the operator's task in selecting appropriate recovery

courses and speeds for prevailing environmental conditions. Accordingly, it is recommended
that limiting values of ship motions be established in terms of significant ship motions so

'it Is ounsiefed thai the piots inability io perceive the pitch and associattd mftical ship motion fesults In the Iowa skill
in seletln ship motion lulls than was the sww on the USS GUAM when pltch peception was Much vaasie.
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that ship operators can have relatively stable ship pitch and roil values that can be read with-

out question as to whether or not specific ship motions really represent "limiting motions."

RMS or equivalently significant pitch and roll readouts developed from existing ship systems
should be displayed both on the bridge and in the flight control station.

10. Difficulties which produce waveoffs can be expected, (a) when significant double

amplitudes of pitch reach values from 2.2 to 4.0 degrees and vertical accelerations attain

values ranging from 0.12 to 0.20 g, and (b) when significant double amplitudes of roil reach

values from 4.4 to I 1 degrees and lateral accelerations attain values ranging from 0.09 to

0. 16 g. These levels do not represent the highest safe operating values. More trials in high sea

conditions are required to establish the highest acceptable motion limits.

S11. For landing gear, or deck strength, or similar dynamic interface design programs,
it is considered appropriate to use the highest expected ship motion in 280 cycles of ship
motion, i.e., 3.36 rms, rather than the highest expected in 100 cycles, i.e., 3.03 rms, or the

highest expected in 1000 cycles, i.e., 3.72 rms of reference 2. This latter value is too con-

servative inasmuch as aircraft events would ypically not experience the highest expected -4

extreme value in 1000 cycles or even in 100 encounter cycles.

IL
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APPENDIX A

CALIBRATION PROCEDURE

The accuracy of the measured motions is, of course, always related to the original cali-

brations of the transducers involved. For the BOWEN trial, these calibrations consisted of

very careful static pre- and post-trial calibrations of all NSRDC sensors. Roll and pitch

sensors were calibrated by deflecting the stabilized platform in the "stable table" in the

laboratory through a series of different angles ranging from 1/2 to 10 degrees. Results of

pre- and post-trial calibrations agreed exactly. In addition, as part of the installation of the

instrumentation, the stable table was referenced relative to the BOWEN compass gyroscope.

As a result of this referencing, it was established that the readings of the NSRDC stable table

unit were the same as from the ship's own sensor. This calibration procedure ensured the

accuracy of the roll and pitch values recorded by NSRDC. .

The calibration procedure for Donner accelerometers used to measure both the vertical

and the two horizontal acceleration components (lateral and longitudinal) is essentially

identical to that employed for the pitch and roll calibration. All units were statically cali-II 4brated by tilting them through ranges of angles that varied from 0 to 60 degrees (corresponding

to acceleration values from 0 to 0.5 g for the vertical accelerometer) and from 0 to 30 degrees

(corresponding to acceleration values of 0 to 0.5 g) for the horizontally mounted accelerometers.

Again the agreement between pre- and post-trial calibrations ensured the accuracy of NSRDC
,• measurements.

The wave height buoy was calibrated at the factory. At the completion of the trial, a

calibration check was made by running the NSRDC maneuvering basin wavemakers whilce

making simultaneous measurements with both the Datawell buoy and a standard ultrasonic

Swave height sensor, In turn, this ultrasonic wave height sensor was calibrated by moving its

sensing element through a prescribed series of steps both above and below it3 mean level.

The mean level, in turn, was several feet above the calm water level. The results of this post- -i
"trial calibration Indicated that the Datawell wave buoy was operating within the manu-A r*facturer's specifications.

The speed and course measurements taken from the ship's own sensors were calibrated

r-2 by manually moving the sensors through prescribed ranges with equipment that is part of tle

speed and course sensing system of the ship. All manual movement of the sensors was per-
•'•"•formed by an electronic technician from the crew,Most data was recorded both on an eight-channel BRUSH chart recorder and a

fourteen-channel FM analog tape recorder. Additional information regarding the instru-

mentation specifications valid for the NSRDC measurements on the BOWEN trial may be ob-

tained from Appendix A the informal report by Gunde;rson and Ruth (see footnote to page 8). a
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APPENDIX B
METHODS FOR DETERMINING THE FLIGHT LIMITING ENVELOPE

Observations on methods for determining aircraft flight limiting envelopes are made

(1) to relate measured ship motions to established limiting envelopes and (2) to assess how

ship motion predictions may be made for specific envelopes that already exist or may be

established in the future.

Current operational procedure prescribes that a helicopter pilot always use one of two

approaches or departures (see Figure 1) relative to the ship. These are defined by the line-up

lines which are drawn through a bullseye on the ship deck. The pilot uses these lines to

reference the aircraft relative to the longitudinal axis of the ship. The alignment is employed
both when the aircraft is translating toward (landing) or away from (takeoff) the ship.

Once the aircraft is hovering over the bullseye, the pilot has a choice. He may either

(I) land so that the longitudinal axis of the aircraft coincides with the line-up line or (2) land

by rotating (i.e., turning on the spot-TOS) the aircraft to coincide with the longitudinal axis
of the ship. Similarly, he has two choices for takeoff; (1) with the aircraft located on the
line-up line, he can lift off, hover, and fly off in the direction of the line-up line or (2) with
the aircraft located on the longitudinal axis of the ship, he can execute a TOS at an
appropriate hovering height, then fly off in the direction of the line-up line.

During landings and takeoffs, the aircraft will encounter wind speed and direction

relative to the ship. Herm these parameters are considered to have the same relation to air-

craft responses as ship speed and directive relative to the sea have for ship responses. By

this analogy, the wave height/ship relationship is regarded as equivalent to the wind gust/
4.i aircraft relationship. Of course when the aircraft crosses the deck of the ship, wind gusts or

aircraft excitations are complicated by the air turbulence generated by the ship superstructure.
In order to establish a limiting envelope, the helicopter is flown on and off the ship at

a variety of relative wind speeds and directions. PRS, i.e., Pilot Rating Scale, evaluations by
the NATC pilots are recorded immediately following the completion of individual events. PRS

j ratings of 2.0 or greater are considered to be the limits that Fleect pilots are exvected to meet
with reasonable safety. Thus, the combination of limiting wind speed and direction for a

particular type of aircraft event is defined by handling qualities of the aircraft as quantified
by PRS ratings of 2 or more.

t The limiting wind speeds and directions thus defined are presented on polar coordinate

paper as the limiting wind envelope for the specific type of aircraft event, The associated
aircraft test conditions, visibility, wind gustiness, and ship motions are also generally

specified on the polar coordinate plots.
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Figure IS is an example of wind limitations on an aircraft event, in this case, the
envelope for an SH-2F helicopter operating from a DLG-26-Class ship. The environmental

conditions call for night operations (white lights only) during 0 to I degree of ship pitch and
0 to 8 degrees of ship roll.

The figure indicates that the helicopter may be launched or landed at relative wind speeds
ranging from Oto 45 knots in head winds that are 315 degrees relative to the helicopter. For this

S example, then, the line-up line corresponds to the 315-degree line, i.e., a line drawn at a
45-degree angle to the longitudinal axis of the ship. However, the allowable range of relative 2

I wind speeds decreases if the direction of the relative wind shifts substantially either to the N

1 starboard or portside of this line-up line. Thus, for a 25-degree shift in wind direction to

starboard, the helicopter is expected to be able to operate in bow winds (i.e., 340 degrees) at
a range of wind speeds from 0 to 35 knots. For a shift in relative wind direction that has
the helicopter flying in beam winds, the allowable range of relative wind speeds drops to 0-
5 knots.i

Ideally, a helicopter wind envelope trial should be conducted when both the ship

environment (sea) and aircraft environment (wind) are stable. This Is obviously impractical
inasmuch as even an abbreviated trial requires at least 20 individual events-landings or
takeoffs. This is longer than the period during which sea conditions can be expected to
remain reasonably stable and certainly much longer than stable wind conditions obtain.
Typically, then, a limiting wind envelope trial will consist of a series of flights at different
times. different true winds, and different sea conditions.

Even under ideal conditions, the measured significant ship motions that correspond to
limiting wind aircraft events would vary at different relative wind directions because of the
changes in ship speed and heading required by the value of the relative wind. This type of
ship motion response could be predicted in a fashion similar to that given in Reference 2.
The range of expected rms ship responses that correspond to a given wind envelope may. of'
course, be established by computing ship responses for a series of true wind speeds,

It directions relative to the sea, and sea conditions.
Figure 16 illustrates the range of ship headings relative to the sea that existed during the

individual flights of Trial Day 2. These variations in headings art considered to have

resulted both from the NATC test plan (relative wind specifications) and from variations In
Mte true winds. On the other hand, Figure 17 documents the variations in winds relative
to the ship that existed during the individual flights on that same day. The ranges in signifl-
cant ship motions (Figure 7) recorded during individual flights are typical of the ship 4 "

responses that pilots may expect when specific wind envelopes are employed for SH-2F
operations with DE-1052-Class ships.

It is emphasized. however, that these measured ship responses are not necessarily theworst that might occur when these envelopes art used. Other combinations of the basic
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paaeters may result in larger ship responses for any particular aircraft event and relative

wind speed and direction than measured during this tria.
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APPENDIX C

EXPLANATION OF THE DISCREPANCY IN VALUES OF ROLL AND PITCH
AS MEASURED ELECTRONICALLY AND AS GIVEN BY

INCLINOMETER READOUTS

Inclinometer readouts of ship motions are generally noted as part of the process of data

collection during limiting wind envelope trials. The flight engineer or a member of the ship

force notes the largest excursion from zero of the inclinometer pointer or bubble (single

amplitude) during the aircraft event or near to this time, i.e., within seconds or minutes.
Since a given limiting envelope consists of a series of aircraft events, there may be as many

inclinometer-based pitch and roll values as there are individual test points. The largest

recorded values for a given envelope then determine the range of ship motions for which the
envelope is considered to be valid. For example. Figure 15 gives such motion values as 0-
1.O-degree pitch and 0- to 8-degree roll for a specific wind envelope.

Figure 18 was prepared to illustrate the rather poor correlation found between

inclinometer-based readouts and NSRDC electronic measurements of ship roll and pitch, The

results include values which correspond to the typical wind envelope of Figures 8a and 8b.

The measured double amplitudes within the aircraft event are shown on the horizontal axis of
Figure 18 and the corresponding inclinometer values on the vertical axis. Straight lines are

drawn as though both inclinometer and gyroscope gave the same reading for a given

inclination. Data points above this line indicate inclinometer readings that were larger than
'tue values, and data points below the line indicate inclinometer readings that were smaller

than the true values.
It is obvious from Figure 18 that the inclinometer readings are almost always too large.

The error is very large for both roll and pitch and larger for roll than for pitch. Tlhe magni-
tude of these errors is clearly important because it approaches the actual magnitude of the

limiting slhp motions for the envelope illustrated by Figure 8.

Inclinometers are inaccurate for dynamic measuremetus of pitch and roll because they

are essentially low damped pendulums or air bubble-level devices which are Sensitive to

longitudinal and lateral accelerations, respectively. Thus the vertical and longitudinal location

of the roll inclinometer within the Otip will affect the accuracy of roll readings, and the
vertical and lateral placement of the pitch inclinometer will affect pitch reading accuracy.

Inasmuch as vertical, lateral, and longitudinal accelerations vary with location on the ship

(as illustrated by Baitis et al.).5 it is only to be expected that inclinometer readings will be

too large when large accelerations occur almost simultaneously with large angular motions.

The timing with which the inclinometers are read is potentially as large a source of

error as constituted by their basic inaccuracy as angle sensors. On DIE-lO52-0ass ships, the

•-, A. to.. aIg,,n ArAcetu 1ft SMo IMions to LM C•to Teals." Toouh Symposium on Nsgn1
tlyddyaAMA".• sok". lamchmaas (Jun 1974).
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superstructure obstructs the view from the bridge toward the helicopter landing platform.

Thus the observer on the bridge who is recording inclinometer readings may mark different
S~times than does the observer in the flight control tower who is marking ship motions

electronically. (No inclinometers were mounted in the BOWEN flight tower.) If the length

of time between the end of an event and the recording of ship motions from the inclinometer
is more than one ship cycle (i.e., 7 seconds), then there can be substantial differences between

motions as recorded by the inclinometer and the actual extreme motions during the aircraft

event.

It was noted not only during the BOWEN trial but also on previous trials with RALEIGH

and GUAM, that bridge-mounted inclinometers were used (I) to determine how close to

mandatory maximum operating limits the ship motions come during particular aircraft events

and (2) to collect ship motion data that are considered representative of individual aircraft

events. Yet all three of these ships have very accurate sensors as part of the gyro-stabilized

navigational compass. The installation of pitch and roll repeaters on the bridge and flight
control tower (tied in to the navigation gyroscopes) would provide flight engineers and ship

forces with much more accurate pitch and roll measurements during aircraft operations than

are possible with incdinometers.
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LAUNCH AND RECOVERY WIND LIMITATIONS
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TABLE 5b - DAY 2 OF TRIAL
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SE. 5d -DAY 4 OF TRIAL

3kIP) WI~ND) e4 SEA CONDITION5 DOUBLE ASAPLITWI

P*f impP mo IIP w,&jo vitN A0 V414 SOA piren ROL&. 4
Ub 14ANle oA~osm SPUCD bsACcTiwi SPLEED Accridov~t

___offs_ (v.) (KTSr- _____ berR. IMS A1. ,I misr.

'0.3 QkT.- 2.99 2.38 11. 10 z-.'4 033 LS' 1.71 -. 74 q.32. -1.11
6.3 Q Fr- 2.9 9 2.38 11.0 10T 2.5. 4 03.3 0167 --6 .32.. -3-.17
o.3 Q RT -Z 9 9 2.38 11.0 2.51T 033 -.1 .40 1.4s- - -2.5
203 0RT - 29 9 2. 38 11.0 105 25.4 033 0.7S' A2 8.12 2. #2.

0.3 Q Fr -Z.9 9 lag38 I lo zS,.,4 033 Z.47 1.41 9.16 -1.78

.8 Q~r - 303 2.34 14-o0 13'3 23. L 034 .1. -.41. S'Iz./8
.8 QRkT- 303 z34 14-0 13!7 231 034ý 2.0~ -. S7 7.45- -/.77
.8 Q r - 503 2.34 1q.0 135' 23.6. o34 0.50 .0(0 7.14 J.3,o

.8 QRT - 3oB 2.34 14.0 135 13.16 o ~4. ,.5 1j.0 8.5Tr Z. to

-..a q.T -303 z.34 i'4.0 13T 3.6. 0344- - -

.8 QRr -30.3 /4 .0o 136 23.4. 034 a S4 -. 47 1.00 1.00

,..7 QR~T- 030 1q1 11.0 257 2.1.3 003 /.90 w64 47$- 2.87
.7 Q AT - 0oý0 q7i 11.0 2.1.3 003 2./18 !r. 59 0~3

.to Pvw- 004 173 11.0 Z80 i2..4  0(05, 0Aý 9 /03 2.03 1.71

ki BW -239 080 - - L5 T

o3 BVJ - 2. ZS 09+ 2.3.5 .330 13. L 337 L.' I. 9L1 .&.0 1-74 4

.3 Bw - 2.z5 094 2..3.S 3-20 13-2- 337 3.13 .71 1. 13 -84
.3 BvJ - 2.25 94 2.356 330 0132 337 2-9(p . 1 2.94 3.57

4in.163 bW - L.25 094 Z3. 6 3ý 13a2. 7337 S43 -1-2.2.. IA35 44-19

.0 SM- 2.(02. 0516 15.0 .310 72. z1 2.94.10l 1.58 9.02. -81
.0 Bt..i 2.4,2. 056 15.0 310 1.2. 2.9(0 1-01 -. 1 9 4-60 -1.54.

.0 BM Z1.04 05b 13.0 310 47 338 + .(4 .12. &31 ao0j



*F TRIAL

Nb~T~N ~ DOUKLE ikMPLITUDE 8 INSTANTANEOUJS
____ ______5lAkP__IESPON5E5 __ _

d RV MOVERTICAL j. L4t RA L VfRrI'AL
vWlND VJIAJ .SEMA Prrii R0l44. ACC EL.RAT/O~ o qCC((.EATIOAf OTfRAV MaTiOAI

z -4 033 LT 1.71 ~-.74 1.3z -1.1 .0 3 -.001. .os .oaq 7.18 3.74
45. 4 0.33 174, - 59 1.32. -3.27 oV~ .2. (o 7 *oo3 65.'? 0.24
2.5.4 033 M*47 -. 40 /.4S- - .z3 o3 .ootp o0.3 o.o-~ .s 04q

~z 5-. 033 2.47 1.41 9.! -/.78 oS- .02. -01 - .007 11-38 -4o, 1,3

z.. 03-Z.oq -. 6-7 7.4'i -/.77 .o8 .012. .0-7 .0127 S-.30 /.1,3
2 3.4 0,34- 0.0 .gv 7.14 .3.9 .o5 l .033 .OS -0c3 2. o4 o. 4(

23A4 0>34 /1.3s /.013 8 -n Z.I6.s os V .0 *ir 'v76 - 2. Z0
2.3. i 0 14-- - -

23. L* 34 o. 64 -..47 /.oo o.0 .3 ozi2 o03 .0zs .3. 3.03

2.1.3 00a 1-90 0.L, $4.7-T 2-87 .07 .016 OG4 -. 022- 4.31 -1.78

iz,4 0(05 0-q 1.03 Z.03 /-7/ .01 -. o17 .01 -. 023 3.48 -/.4(o

13, Z. 337 LS' 1.2.1 aZo .1-74 .54a 113 7018 .07 o 3B41 7. 7 1 154-
13.2. 337 3.3 .77 2.13 .8(, .oB o83 .o8 .036 -70? -S$7
13.2.. 337 z .9 4o , 1 2.9LI 3.57 .22- --oB6 12.-0 oo'4 9. 67 3.3 5

7.2- Z96 ~ (( 1.59 9.02. .81 .11 .071 .11 002 9.42. -5.39
T 2- 2.9(o Z.1 '-.1 9 4. 0 -Iff.1. e 0 0 .11.7 .3 .717

'4.7 338 ~ 1,.2. 152. 8,31 3.08 .oS nc4lt.',S -. o32, 5.io 1.4.3

56



Ou-~

TABLE 6 - ORDERED VALUES FROM WHICH FIGURES 13 AND 14 WERE PREPARED

TABLE 6A BOWEN PITCH-VERTICAL LANDIlNG

VL Eent No. Tim Tye Plot Steady State Aircraft Event Pitch, deg.

Run No. No. Cce Sec. of Event Rating Pic.gDouible Instantaneous
Cyces Significant Maximum oMAxmpltue 2  Value3

25 4 1 9.6 Boost Off 4.0* 4.0 5 6 5.6 -1.222

10 13 4 24.2 STD 2.5 2.4 4.3 3.6 0386

9 6 7 48.0 TOS 2.5 2.6 3.4 3.5 0.036

14 20 4 30.8 TOS 4.0' 2 2 3.3 3.2 0.109

25 2 0 5.4 ASE Off 1.5 4.0 5.6 3.1 0.767

11 5 2 15.0 TOS 2ý0 2.9 -0.432

25 5 0 8.4 ASEOff 1 0 54 5.6 2 7 1.576

10 8 2 15.8 TOS 3.0 2.4 4.3 2.6 0.533

10 10 8 63.4 XO)K 40' 2.4 4.3 2.6 0994

14 21 3 25.0 STO 2 5 27 33 2 3 0-964

10 15 2 15.8 STD 2 0 2.2 3 1 2 3 -0 127

14 16 3 20.8 STU 20 2 1 -0.034

*11 7 3 21.8 TOS 30 2 5 4.1 2.0 -03

10 23 2 16.2 TOS 1 5 1.9 2.9 2 0 0.250

1 1 5 31.4 STO 30 2.9 4.5 2.0 0260
*14 18 2 20.0 ASE Off 20 1 8 26 20 0290

119 1 11.8 STO 30 25 4.1 20 0.883

23 14 1 116 TOS 2 n 30 55 1 9 0059

23 12 2 132 TOS 25 19 0499

23 2 0 13.6 STU 1 5 25 37 18 05137

13 4 2 25.4 TOS 25 1 3 2.0 1 7 0612

25 7 0 6.4 Boost Off 20 4 4 5 3 16 0.122

9 4 3 21.2 TOS 20 2 4 3 7 16 0369

to 19 2 22.8 TOS 3.0 22 4 1 10 0077

23 6 0 9.8 STU 20 3 32 15 -40455

13 12 4 2712 STD 30 1.3 2.1 1.1 0.907

20 14 3 24,8 STU. 2.01. 007
16 26 0 11.8 5113 1.5 17 2.9 Il0.160

10 11 0 2.4 XOK 3.0 2.4 4 3 It 0980
7 123 16 1 136 STO 20 2.1 3.2 1.0 1.031

9 NOTE: See footnotes at the bottomn of Tabtle Og and Table Gh,
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TABLE 6 - ORDERED VALUES FROM WHICH FIGURES 13 AND 14 WERE PREPARED

TABLE 6B -BOWEN ROLL-VERTICAL LAND)ING

Pio Steady State Aircraft Event Roll. aeg.
VL Event No. rime Type Raltin Roll, deg Dul ntnaeu

Run No. No. Cycles Sec. of Event insAmptauetaneue
Significant orxmu MaVMalue__

10 10 7 63.4 XOK 4.0* 11.1 15.6 14.6 5.660

10 13 3 24.2 STO 2.5 11.1 15.6 12.8 -0.246

10 19 2 22.8 TOS 3.0 10.2 12.7 12.0 -2.769
9 6 5 48.0 TOS 2.5 7.5 9.8 9.8 0.548

23 2 0 11.6 STD 1.5 8.7 11.0 9.3 -3.267
25 5 0 8.4 ASE Off 1.0 6.9 9.4 9.0 0.812
16 16 0 11.8 ASE Off 1.5 8.9 12.1 8.9 -2.a44

25 7 0 6.4 Boost Off 2.0 10.2 12.8 8.3 3.083
23 4 . 0 19.0 XOK 2.0 87 11.0 8.1 2.121

13 4 2 25.4 TOS 2.5 7.3 9.7 8.0 5.259
10 23 1 16.2 TOS 1.5 6.3 10. 7.2 1.534
23 8 1 14.4 TOS 2.5 12.8 19.2 7.1 3.089
16 5 0 8.4 0 0 8.9 12.1 6.9 6.649

14 20 4 30.8 TOS 4.04 5.2 6.7 6.5 -3.335
10 15 1 15.8 STO 2.0 10.3 15.7 6.4 3.103
26 4 0 9.6 Boost Off 4.0' 4.4 6.4 6.3 4.187
13 12 2 27.2 STO 3,0 6.3 8.0 6.3 2.641
16 20 0 7.8 STD 1.0 8.3 14.4 6.1 .-3.205
10 8 1 15.8 TOS 3.0 11.1 16.6 6.0 4.876
16 14 1 14.2 TOS 1.5 8.3 11.3 5.7 -0.382
23 6 0 9.8 STD 2.0 12.8 19.2 5.5 2.182

13 2 1 16.8 TOS 1.5 5.5 7.2 4.9 0.025

16 2 0 12.0 TOS 1.0 - 4.8 --0.539
20 4 1 20.2 STO .5 3.0 4,5 4.8 2.133

2 13 0 10.2 TOS 1, 34 5.4 4.8 -1-940

23 14 0 11.6 TOS 2.0 8.7 11,8 4.7 2.871

16 24 1 10.8 STO 1.6 0.0 7.7 4.4 1,Z555
23 12 1 13.2 TOS 2.5 - 4.3 -0.839
16 12 0 10.2 TOS 10 8.3 11,3 4.3 0.512

NOTE: See footnotes at the bottom of Table Gg and Table 6~h,
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TABLE 6 - ORDERED VALUES FROM WHICH FIGURES 13 AND 14 WERE PREPARED

TABLE 6C - BOWEN VERTICAL ACCELERATION-VERTICAL LANDING

VL Eent No. Tim Tye Plot Steady State Aircraft Event VACC, g's
Run No. No. Cycles Sec. of Event Rating ACgsDouble Instantaneu

RS Signif icant Maximum Ampltud
- _________ ________ or Max-Mmi Vlu

10 10 9 63.4 XDK 4.0' .19 .34 .31 -40067
25 4 1 9.6 Boost Off 4.0* .25 .28 .27 0.015
1C 13 3 24.2 STD 2.5 .19 .34 .24 -0.025
10 15 2 15.8 STD 2.0 .16 .21 .24 -0.046
9 6 7 48.0 TOS 2.5 .18 .24 .20 -0.029

111 5 31.4 STD 3.0 .22 .38 .20 -0.015
11 9 3 21.8 STD 3.0 .19 .32 .20 -0.014

18 20 5 30.8 TOS 4.0* .13 .19 .17 -0.060
11 5 2 15.0 TOS 2.0 - - .17 -0.070
9 4 4 21.2 TOS 2.0 .19 .26 .16 0.016

12 8. 2 15.8 TOS 3.0 .19 .34 .15 0.039
14 16 4 20.8 STD 2.0 --. 15 -0,067
13 12 4 27.2 STD 3.0 .13 .14 .14 -0.032
16 16 2 11.8 STD 1.5 .13 .20 .14 -0,017
6 11 5 21.8 TOS 2.5 A .4 -0.063

14 18 3 20.0 ASE Off 2.0 .ll .16 .13 0.011
10 16 2 16.2 0 0 .16 .26 .12 0.022
23 11 1 13.2 0 0 .08 .12 .11 .-0.022
4 7 3 17,2 TOS 2.0 .08 .13 .11 0.011

25 5 1 8.4 ASE 0ff 1.0 .23 .28 .11 0,071
14 23 3 20.8 STO 2.0 .12 .18 .10 -0.005
4 3 5 25.8 TOS 2.0 .10 .14 .10 0.005
4 15 2 16.6 TOS 1.0 -. .10 -0.008

14 21 4 26.0 STO 2.5 .13 .19 .098 0.002
4 9 3 18.2 TOS 2.0 .Go Q .05U.02

10 17 1 156. STO 2.0 12 .20 .092 0.034
20 14 6 24.8 STO 2,0 -.. 091 -0.007
10 11 0 2,4 XOK 3.0 .10 .34 '090 0.028

66 1 15.2 TOS 1.5 .07 .11 .089 -_.0,010
13 4 4 25.4 26.09 .1.2 .087 0.2

NOTE: See footnotes at the bottomn of Table 6g and Table 6h.
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TABLE 6 - ORDERED VALUES FROM WHICH FIGURES 13 AND 14 WERE PREPARED

TABLE 6D - BOWEN LATERAL ACCELERATION-VERTICAL LANDING

No.~~ted State Sec.af ofen EvPitcSinfchtMaiu1'~~ Run No. Event No. Time Type Ratin ACC,_ g's_ _____Eet i

15 STO 2. .14.1.6005

48. 2os f .5 1 .23 .20 -0.007

10 13 4 31.4 STD 3.0 .12 .16 .10 0.040

14 2 0 10 630.8 TS 4.0* .09 .24 .19 -0.051

15 15 0 158. STD 1.0 .14 .14 .16 -0.0025

135 1 4 2 79.2 os Of 3.0* .01 .23 .15 -0.010

II 11 7 4 31.8 STOS 3.0 .10 .16 .15 0.043

10 23 1 16.2 TOS 4.5' .09 .14 .12 -0.010

1 20 1 7.8 ASETOf 1.0 .10 .14 .10 -0.002

23 12 1 13.? oT 3. .09 .13 .10 -0.018

10 8 2 215.8 TOS 3.0 .16 .15 .10 -0.021

10 19 2 22.8 TOS 3.0 .09 .18 .091 0.01000

23 20 2 13.6 STO 1.0 .07 .10 .109 0.003

13 41 1 1325. 0 , .09 .13 .180 -0.016
40 a 2 15.8 TOS 2.0 .17 126 .080 -0.021

10 49 2 212. TOS 2.0 .02 .18 .0791 0.0000

23 2 0 53.4 ASE O 1.5 .07 .13 .097 -0.023

14 3 3 25.4. TOS 1.0 .074 'I M0.027

24 2 0 13, STOS 1.0 .07 .10 .070 0,003

14 21 4 21.0 TS~t 2.5 092 .14 .079 0,014

25 13 1 10.4 s lOf 1 2, .09 .10 .008006

16 16 0 11.8 ASE~ Olt 1.6 .08 .13 .077 -0.007

16 11 2 14.8 TOS 2.5 .0 .0 .073 0.007

10 4 0 ,4 TOS 2.0 ý10 .26 .063 0,037

4 16 L 3 110.6 T0$ 1.0 . _ j 063

S NOTE: See footnotes at the bottomn ot Table Gg and T'able 6h.
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TABLE 6 - ORDERED VALUES FROM WHICH FIGURES 13 AND 14 WERE PREPARED

TABLE 6E - BOWEN PITCH-VERTICAL TAKEOFF

Steady State Aircraft Even Pitch, deg.

Pilot Picde.Dule Isanaeu

VTO Event No. Time Type Rating Ampblue Vau

Run No. No. cycles Sec. of Event PRS Sgifcat M imm oMAxmmltd

2570 T S 1.0 2.4 3.7 3.10

9 6 0 10.4 TOS 5. . .6 3.9 0. 6
1.8 0.679 

04.

23 5 0 12.8 TOS 1. 2.5 3. .- 1.0

96 25 1 07.0 TOS 1.5 2.6 2. 1.8 -0.975

23 1 0 120 TS 15 25.7 
-10.40

22 1 9.2 STOS 1.5 2.2 4.3 2.5 .6

ii101 6.8 SO 2.5 2.5 4.1 1.43,7

14 19 1 7.4 STD 1.5 4.0 2.6 1.4 0,499

23 15 1 19.4 TOS 2.5 2.30, 1.356 10 1

23 7 0 11.4 TOS 1.0 2 .3 0.20501

11 6 1 90.8 TOS 1. 2.5 3. 1.3 -0.710

it 1 1.8 TOS .0 2.5 1.3 0,6798

2 1.6 TOS 15 21 3.1 1,2 -0.612

16 23 2 14, STO 1.5 1.7 2.97, ,5

2 6 17 0 120. STOS 1.7 1.-,6110,640

23 2 2 17.8 TOS 1.0 0. . . 0,142

13 22 2 14.2 STDS 1.0 1.2 1.63. .5

10 12 6. STD 2. 15 2.4 4.1 1.0 0.0.72

23 13 0 13.2 TOS 1.5 23 3.2 1.03.7

16 10 1 11.0 TOS 1.010 . 1.0 -0,.106

NOTE 
26g hTOS .0 26 3. 1.30,67

2e t tf t$ 1 th 1boto6 u Tatbi I,'s 21T.1be061

I 1 0,05

2 40 SO 15 172 .
16 236



TABLE 6 -ORDERED VALUES FROM WHICH FIGURES 13 AND 14 WERE PREPARED

TAL F-BOWEN ROLL-VERTICAL TAKEOFF A

Plt Steady State Aircraft Event Roll, deg.
VTO Event No. Time Type RaRgoll, deg.bl

Run No. No. Cycles Sec. of Event PR inf~t Mxmm Apiue Instantaneous

TOS ~or Max-Mmi Vlu
~~23 1 0 12.0 TS 1.5 8.7 11.0 9.3 -1.112

10 12 0 5.8 XDI( 1.5 11.1 15.6 9.3 7.57723 5 28 XDK 1.5 8.7 11.0 9.1 -1.780

23 9 1 19.4 TOS 2.5 12.8 19.2 8.6 2.176

9 1 0 8.8 TOS 1.0 6.6 8.8 8.2 -0.737

10 9 0 6.6 TOS 1.5 11.1 15.6 7.8 6.513

* 23 7 0 7.6 STD 2.0 12.8 19.2 7.5 -1.773

23 15 1 11.8 TOS 2.0 8.7 11.8 5.9 5,033

16 17 0 10.2 STO 1,5 8.9 12.1 5.6 -3.471

i16 21 1 12.8 STD 2.0 8.3 14A 5.6182
J23 13 0 13.2 TOS 1.5 6 .5 1.725

bf 13 5 1 12.4 TOS 1.5 7.3 9.7 5.5 -0.903

110 20 0 12.4 TOS 2.0 10. 12.7 5.4 3.199

116 25 0 10.6 STD 1.5 6.0 7.6 5.4 -3.949

16 1 0 9.4 TOS 1.5 - .5.4 1.105

113 11 0 12.8 ST0 1,5 6,6 9.0 5.3 2,703

13 9 1 7.2 STD 2.6 5.8 7,1 5.1 3.047

10 14 0 9.4 STD 1.0 10.3 15.7 6.1 4.931

10 18 1 9.4 STD 2,0 1.22.4.075

*9 9 0 7.0 TOS I'S 7.5 9.8 4 .9

125 6 0 4.4 0 0 6.9 9.4 J6. 4 -11.541
10 16 0 8.8 STD 1.0 10.3 15.7 4.4 3.280

16 27 I 11,8 STD 1.0 6.0 7.0 4,ý -1.262-.

*I16 13 0 12,2 TOS 2.0 8.3 11.3 4-~ 1.262

4 12 0 7,4 TOS 2.0 4.0 6.0 4.2 1.108

14 19 0 7.4 STD 1.6 4.A 7.3 4,2 -3.219

4 20 0 9.8 TOS 1.5 4.9 7.9 4.11 -4.146

20 13 0 8.4 STD 1.6 -- 4.1 -2,398
4 8 0 8.4 TOS 2.0 4.0 7.2 4.0 -2,935

16 3 0 11.4 TOS 1.0 -1.0-

NOTE: See footnotus at the bottorn of Table Gg and Table 6h.
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TABLE 6 -ORDERED VALUES FROM WHICH FIGURES 13 AND 14 WERE PREPARED

4 TABLE 6G - BOWEN VERTICAL ACCELERATION-VERTICAL TAKEOFF

Runo. Event No. Time Type RPACt gstaeArrf vn AC

Segifi.n Maximum Ampltud
_____________________________ _______or Max-Min Vlu

25 3 0 6,8 o 0 .25 .28 .22 -0.086
10 12 0 5.8 XDK 1.5 .19 .34 .20 A0.076
9 7 0 7.0 TOS 1.5 .18 .24 .19 -0.125

25 1 1 9.4 STD 1.0 .25 .28 .18 -0.018

11 8 1 10.8 TOS 2.5 .19 .32 .13 -.0.023

16 25 1 10.0 STO 1.5 .13 .20 .13 0.046
8 1 1 8.8 TOS 1.0 .15 .27 .12 0.014

16 27 1 11.8 STO 1.0 .Q .20 .11 0.009
10 18 0 9.4 TO 20 .12 .20 11 40.014

16 21 1 12.8 STU 2.0 .17 .27 .11 -0.059
9 5 1 7.0 TOS 1.0 .19 .26 .10 -0.016

11 4 2 11.8 TOS 2.5 - - .10 -0.05

14 19 1 7.4 STO 1.5 .11 .16 .Oi% 0.031
I11 10 0 6.8 STO 2.5 .19 .32 .099 0.021
13 1 2 14.2 TOS 1.0 .08 .11 .093 0.022
10 9 0 6.6 TOS 1.5 - - .093 -0.045
23 1 7 11.8 TOS 1.5 .05 .08 .091 -0,006
10 14 1 9.4 STU 1.0 .16 .21 .091 0.007
16 19 1 10.2 STO 1.0 .11 .15 .089 -.0.026
10 20 1 12.4 TOS 2.0 .12 .20 M?8 0.029

'13 13 1 7.8 STO 1.5 .13 .14 .086 -0.0 16
4 14 1 8.2 TOS 1.5 .10 .14 Z833 _...018

16 23 2 14.0 STU 1.6 .13 .20 .082 -.0.013
2 2 3 17.8 TOS 1.0 .06 .11 .079 -0.032

93 1 10.4 TOS 1'n .15 .27 .078 0.011
23 7 0 7.6 STO 2.0 AU .12 .070 0.012

11 2 2 12.6 TOS 1.s Al .10 07 0.031

4 10 2 8,2 TOS 1.0 --. 073 0.010
'.14 17 (4) 1 6.0 STD 1.6 Z6.09 4.0116

1. 1Cycle datinod by three succussve .eo crossings.

2. 2 Aircraft event data defined In Figure 1. and Pogo Ii. 11 even~t coniamst one ot flVmt mtolint cyclesO lhaIrg3est diouble
amiplitudte Is recor-ded; It event conltans less then one m~otion Cycle, the dit9Ue#K* betweent tke ltgate t(mex.) pO"Ilwo
and lavent minimum itn~ln. i.e., max -min for evet.Is roewded.

I.S~ Figure I and page 6 for delinitons

5, -e~igsiss evets t at 21.ur b etotp had iiuljlI*d from' speed c. heading change. Thoee values not graphed in

Figre.1 1.



TABLE 6 - ORDERED VALUES FROM WHICH FIGURES 13 AND 14 WERE PREPARED

TABLE 6H - BOWEN LATERAL ACCELERATION-VERTICAL TAKEOFF

Steady State Aircraft Event LAT ACC, g's
VTO Event No. Time Type Rating LAT ACC, g's Double

Run No. No. Cycles Sec. of Event PRS Significant Maximum Amplitude Instantaneous

SignficatMaimumor Max-Mn Value

10 12 0 5.8 XDK 1.5 .16 .26 .16 -0.069

25 3 0 6.8 o o .11 .23 .12 -0.004

10 16 2 8.8 STO 1.0 .14 .19 .11 -0.005

9 1 0 8.8 TOS 1.0 .10 .14 .10 0.043

10 9 1 6.6 TOS 1.5 ,16 .26 .096 -- 0.056

16 15 0 7,8 TOS 1.0 .08 .10 .091 0.024

23 5 0 12.8 XOK 1.6 .07 .10 .091 -0.007

16 21 1 12.8 STD 2.0 .11 .18 .083 0.018

9 9 0 7.0 TOS 1.5 .14 20 .079 -0.0008

9 5 1 7.0 TOS 1.0 .12 .18 .079 -0.003

23 1 0 12.0 TOS 1.5 .07 .10 .078 0,004

23 12 3 13,2 o o - - .074 0,012

25 6 0 4.4 0 .10 .14 .073 0.033

16 3 1 11.4 TOS 10 - - .073 0.034

25 1 1 9.4 STO 1.0 .11 .23 ,072 0.036
ID 25 1 10.0 STO 1.5 ,06 .18 .071 0.038

10 14 1 9.4 STD 1.0 .14 .19 .068 --0.010

10 18 0 9.4 STD 2.0 .09 .18 .066 0.014

23 7 0 1.6 ST0 2.0 .09 .13 .061 0.022

13 9 2 7,2 STD 2,5 06 ,08 060 -0.026

13 6 2 12.4 TOS 1.5 0 .11 ,069 -0,007

11 2 2 12.0 TOS 15 .06 08 .059 0.012

13 13 1 7,8 STO 1.5 09 12 069 0,005

23 1 2 11.8 TOS 15 .0 08 .069 -0.029

10 22 0 3.2 STO 1.0 '09 ,14 .067 -0.010

13 11 0 12.8 STO 2.6 ,05 06 .064 -0,00003

4 12 1 7.4 TOS 2.0 .06 08 .062 0,019
11 10 0 0,8 STO 2,6 10 'is .061 0.008

6 10 1 11.0 TOS 1.5 .06 ,11 60 0.002

14 17 0 6.0 STU 1.5 - .050 0.009

6, 0 0•tignste unavallaW*e alrcraft InlOtmaitton.

7. AS, off - Autonatic Stab~livailon Eoulome4nt (YVw), dilengaged.

a. Boost oil - HVydraulic Control Boost, diLaa•kd,.

9. XOK - Ceowgdftk lendihg o tekeoff. Not recom••.nded lot fleet us.

10. TOS - Yutn on the Spot, modllted lindno or takeoff.

a 1 . STO - Standard tleding at takeoff.
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